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 7 
Abstract: Extensive studies have been conducted on the use of fibre-reinforced polymer 8 
(FRP) as a confining material in hybrid tubular columns for civil construction, where the 9 
design of columns is often controlled by the stiffness and/or strength requirements. By 10 
contrast, the capacity of sustaining large deformation without losing structural integrity can 11 
be critical in some applications such as the standing supports for underground mines. This 12 
paper presents the conceptual development of a novel column form with large deformation 13 
capacity. The novel column consists of an outer FRP tube, and an infill made of coarse 14 
lumps/aggregates, which can be from coal rejects or other waste/recycled materials, as well 15 
as calcium sulfoaluminate (CSA)-based cementitious material with high water content. In 16 
addition to its large deformation capacity, the new column allows the extensive, direct and 17 
easy use of waste materials and eliminates the need for mixing concrete on site or 18 
transporting commercial concrete. This paper also presents the results from a series of 19 
compression tests on the new columns as well as two similar column forms. These tests 20 
demonstrate the very large deformation capacity of the new column and show that an existing 21 
stress-strain model for FRP-confined normal concrete can be used to provide reasonable 22 
predictions of the behaviour of the confined infill material in the new column. The potential 23 
applications of the new column and the needs for future research are also discussed.  24 
 25 
Keywords: hybrid columns; FRP; confinement; large deformation capacity; recycled 26 
material; waste material; high water content; underground mines. 27 
 28 
 29 
1.  INTRODUCTION 30 
 31 
Columns are considered to be critical members of many structural systems. Various 32 
hybrid/composite columns, in which two or more materials are optimally combined for 33 
improved structural performance, have been developed. Typical examples include concrete-34 
filled steel tubular (CFST) columns [1-4] and concrete-encased steel columns [5, 6], among 35 
others. More recently, the use of fibre-reinforced polymer (FRP) as a confining material has 36 
become increasingly popular in civil infrastructure [7, 8]. As a result, a number of novel 37 
hybrid columns incorporating an FRP confining tube have been proposed, including concrete-38 
filled FRP tubular (CFFT) columns [9, 10] and FRP-concrete-steel double-skin tubular 39 
columns (DSTCs) [11-14]. Most of these existing hybrid tubular columns, which were 40 
initially proposed for application in civil infrastructure such as buildings and bridges, are 41 
characterized by their large stiffness and high strength to satisfy both the serviceability and 42 
ultimate limit states. However, in some applications such as the standing supports for 43 
underground mines, one of the most critical requirements is the capacity of sustaining large 44 
deformation (e.g. >5% of the column height) without losing the structural integrity.  45 
 46 
Various standing supports have been used in underground mines and they are successful to 47 
different extents (Figure 1). Among the existing standing supports, the two most popular 48 
forms appear to be: (1) steel tubular members with an infill material (Figures 1a and 1b) [15, 49 
16]; (2) pumpable standing supports (Figures 1c and 1d). The former is similar to CFST 50 
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columns used in civil applications, except that the infill material is often not normal concrete 51 
for various reasons. For example, foam concrete with a relatively low strength (e.g. <10 MPa) 52 
may be used for a reduced weight and thus ease for transportation [17]; the use of coarse 53 
aggregate/sand as the infill material has also been explored in some recent studies [18, 19]. 54 
Because of the existence of a ductile steel tube, this form of standing supports are able to 55 
experience large deformation without collapse; the steel tube also provides confinement to 56 
the infill material which may otherwise quickly lose its integrity under loading. Therefore, 57 
such standing supports, exemplified by the product Can® support developed by the Burrell 58 
Mining, have found wide applications in underground mining [16, 20, 21]. However, under 59 
large deformation, the steel tube in such columns suffers from severe local buckling (Figure 60 
1b) which may lead to significant loss in the load capacity. It should also be noted that the 61 
confinement from the steel tube, although useful in retaining the integrity of the infill 62 
material, is typically not effective in enhancing its strength, as the confining pressure 63 
becomes constant after the yielding of steel and can be mostly lost when local buckling 64 
occurs. In addition, steel tubular standing supports suffer from their relatively large weight, 65 
and are generally unsuitable for applications where coal-cutting machine is used because of 66 
the potential risk of gas explosion caused by cutting sparks.  67 
 68 
Pumpable standing supports typically consist of a soft fabric bag which is filled on site with 69 
various pumpable cementitious materials (e.g. aerated cement, Portland cement, Portland 70 
pozzolan cement and ettringite-based cement) [22, 23]. This construction process eliminates 71 
potential difficulties associated with the transportation of heavy members to the underground 72 
and thus facilitates the wide application of such supports. The load capacity of pumpable 73 
supports comes mainly from the infill cementitious materials, which, however, are typically 74 
brittle. The external fabric bag normally has only limited stiffness and strength, and thus 75 
cannot provide effective constraints/confinement to the infill material. Therefore, pumpable 76 
supports generally lose their load capacity quickly after the infill material reaches its strength 77 
(Figure 1d).     78 
 79 
Against this background, this paper presents the conceptual development of a novel type of 80 
compression members, which have a large deformation capacity, and is stiff, strong and yet 81 
easy to construct. Results from a series of axial compression tests on the novel compression 82 
members are also presented to demonstrate some of their expected advantages.  83 
 84 
2. NOVEL HYBRID FRP TUBULAR COLUMNS 85 
 86 
The novel hybrid FRP tubular columns, developed at the University of Wollongong, consists 87 
of an outer tube made of FRP, and an infill made of coarse lumps/aggregates, which can be 88 
from coal rejects or other waste materials (e.g. recycled aggregates or recycled concrete 89 
lumps), as well as calcium sulfoaluminate (CSA)-based cementitious material with high 90 
water content (Figure 2a). In the novel columns, the FRP tube offers mechanical resistance 91 
primarily in the hoop direction to confine the infill material, so it does not need to be thick 92 
and is thus lightweight and cost-effective. Such a tube may also be replaced by a strong yet 93 
soft fabric (e.g. ultra-high-molecular-weight polyethylene) when preferred. The CSA-based 94 
cementitious material, referred to also as high-water material/super high-water material [24, 95 
25], can be used with a high water-to-powder ratio to provide the high water content (i.e. up 96 
to 95% by volume) and is thus highly flowable [26, 27].  97 
 98 
The novel tubular columns are a variation of CFFTs. Compared with CFFTs, the novel 99 
feature of the proposed columns is the direct use of coarse lumps/aggregates, preferably from 100 
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waste materials (e.g. coal rejects and recycled concrete lumps), together with high-water 101 
material as the infill material. Therefore, the novel columns are hereafter referred to as 102 
LHFFTs, and the infill material are referred to as the LH material. The highly flowable high-103 
water material is able to completely fill the voids between the coarse lumps/aggregates which 104 
do not need to be specifically prepared and graded for the columns; the construction process 105 
of LHFFTs also does not involve concrete mixing/vibration and associated equipment. The 106 
simple change of infill material in LHFFTs leads to a number of advantages: (1) it allows the 107 
extensive, direct and easy use of waste materials which take up the majority of the space 108 
inside the tubes; (2) it eliminates the need for, and the difficulties associated with, mixing 109 
concrete on site or transporting commercial concrete, which is particularly important for 110 
some applications (e.g. for underground mines); and (3) it significantly reduces the 111 
construction cost. It should also be noted that the use of an FRP confining tube is essential for 112 
the proposed columns to have a considerably large load capacity, as the LH material may 113 
otherwise have a very low strength (i.e. typically less than 5 MPa). This is further explained 114 
later in this paper using experimental results.   115 
 116 
The typical section form of LHFFTs (Figure 2a) consists of a circular FRP tube and both 117 
coarse lumps/aggregates (i.e. L) and high-water material (i.e. H), but many different 118 
combinations are possible. Whenever preferred, the infill material can be made of high-water 119 
material only (Figure 2b), or coarse lumps/aggregates only (Figure 2c); the resulting columns 120 
are hereafter referred to as HFFTs and LFFTs, respectively. Compared with LHFFTs, HFFTs 121 
involve the use of a much larger amount of CSA-based cementitious material and may have a 122 
lower strength due to the lack of coarse lumps/aggregates, but can be an attractive option 123 
when the coarse lumps or other aggregates are not locally available or easily accessible. 124 
Similarly, LFFTs can be an attractive option for some applications due to the elimination of 125 
high-water material, but they are expected to have a much lower initial stiffness than LHFFTs 126 
because of the voids between the lumps. Whenever necessary, LHFFTs may also be provided 127 
with an additional tube made of plastic or other materials (e.g. Polyvinyl chloride, PVC) to 128 
further increase the stiffness/strength (Figure 2d). Figure 2e shows a further varied section 129 
form consisting of a rectangular outer tube, two or more inner tubes, with the LH material 130 
filled in the inner tubes while the coarse lumps filled between the tubes. Such rectangular 131 
columns are expected to have a reasonably large initial stiffness as well as a large 132 
deformation capacity, and can be attractive for some applications such as the airtight wall or 133 
to replace coal pillar in underground mines.   134 
 135 
Direct comparisons can be made between LHFFTs and the two widely used standing supports 136 
in underground mines, namely, CFSTs and pumpable supports. Compared with CFSTs, 137 
besides the advantages of using an LH infill as discussed above, LHFFTs also benefit from 138 
the use of an FRP tube because: (1) it is lightweight due to the high strength-to-weight ratio 139 
of FRP; (2) its confinement effectiveness on the infill material is not compromised by 140 
buckling as the FRP tube generally consists of fibres in or close to the hoop direction only; 141 
and (3) it can be easily cut without suffering from the sparks normally resulted from the 142 
cutting of a steel tube. Compared with pumpable supports, the stiff and strong FRP tube in 143 
LHFFTs provides effective confinement which is essential for enhanced strength and 144 
ductility of the infill material. LHFFTs are thus a much stronger and ductile alternative to 145 
existing pumpable supports, as further demonstrated later in this paper using experimental 146 
results.  147 
 148 
A series of axial compression tests were conducted on LHFFTs to demonstrate the structural 149 
concept. In parallel, tests were conducted on corresponding HFFTs and LFFTs for 150 
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comparison. In the subsequent sections, this paper presents the experimental program as well 151 
as results from the compression tests. 152 
 153 
3. EXPERIMENTAL PROGRAMME 154 
 155 
3.1 Test Specimens 156 
 157 
A total of 15 FRP tubular specimens were prepared and tested, comprising nine LHFFT 158 
specimens as well as three HFFT specimens and three LFFT specimens. All specimens had a 159 
diameter of 150 mm (inner diameter of the FRP tube) and a height of 300 mm. The nine 160 
LHFFT specimens covered three different configurations; three identical specimens were 161 
made for each configuration. The only difference between the three configurations was the 162 
thickness of the FRP tubes, which were made of one-ply, two-ply and three-ply glass fiber 163 
fabrics, respectively. The three HFFT specimens were nominally identical and all contained a 164 
two-ply glass FRP (GFRP) tube; the same GFRP tube was also used for the three nominally 165 
identical LFFT specimens. For all LHFFT and HFFT specimens, the same high-water 166 
material product was used with a water-to-powder ratio of 2.0. For all LHFFT and LFFT 167 
specimens, the same batch of aggregates were used. While waste materials (e.g. coal rejects 168 
and recycled concrete lumps) are preferred in practice instead of aggregates, the use of 169 
aggregates in the test specimens retained the essential mechanism of interaction between the 170 
constituents, and was thus capable of demonstrating the effectiveness of the new column 171 
form.  172 
 173 
The details of all the specimens are summarized in Table 1. Each specimen is given a name 174 
for ease of reference, which starts with four or five letters (i.e. HFFT, LFFT or LHFFT) to 175 
represent the type of specimens, followed by a number (1, 2 or 3) representing the number of 176 
plies of fibre fabrics in the FRP tube. The last Roman number is used to differentiate the three 177 
nominally identical specimens of each configuration.     178 
 179 
3.2 Material Properties 180 
 181 
3.2.1 FRP tube 182 
 183 
All the FRP tubes for the column specimens were prefabricated using E-glass fibre fabrics 184 
and epoxy resin via a wet-layup process, with an overlapping zone of 150 mm. The fabrics 185 
contained fibres mainly (90% by mass) in the major direction, with the rest of the fibres (10% 186 
by mass) perpendicular to the major direction. In producing the tubes, the major direction of 187 
the fabric was aligned with the hoop direction of the tubes. Each end of the FRP tubes was 188 
reinforced with a 30 mm wide GFRP strip to avoid premature failure near the ends.  189 
 190 
Three FRP coupons with a nominal thickness of 0.17 mm per ply (based on the weight of 191 
fibres) were prepared using the same fibre fabrics and were tested under tension in the major 192 
direction, in accordance with ASTM D3039/D3039M [28]. These test results showed that the 193 
FRP used had an average elastic modulus of 80.5 GPa and an average tensile strength of 194 
1127.6 MPa.  195 
 196 
To evaluate the axial compressive properties of the FRP tubes, nine FRP rings were prepared 197 
and tested according to GB5350-2005-T [29]. The FRP rings were divided into three groups, 198 
which were made of one-ply, two-ply and three-ply fibre fabrics, respectively. Each group 199 
included three nominally identical specimens, which each had a height of 60 mm and were 200 
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cut from the same long FRP tube. Figure 3 shows typical specimens during test. As shown in 201 
Figure 3, the one-ply and two-ply rings all experienced significant localized buckling during 202 
the tests followed by severe cracking in the epoxy resin matrix. The three-ply rings, however, 203 
failed only by the fracture of resin.  Figure 4 shows the axial load-shortening curves of the 204 
FRP rings, while their peak loads are summarized in Table 2.  205 
 206 
3.2.2 High-water material 207 
 208 
The high-water material was produced in the lab using the commercially available product 209 
supplied by China Mining & Civil New Material Science and Technology Co., Ltd. The 210 
product, in the form of powders, consists of two components (Components A and B) which 211 
can be mixed together with water to form the high-water material. Component A mainly 212 
consists of CSA cement, while component B consists mainly of quick lime and gypsum with 213 
some additives [30, 31]. For all the specimens in the present study, a water-to-powder ratio of 214 
2.0 was adopted. The initial time of setting of the resulting high-water material was 8 minutes 215 
while the final time of setting was 32 minutes, as measured according to ASTM C191-13 [32].  216 
 217 
A total of 12 plain cylinders of the high-water material, each with a diameter of 150 mm and 218 
a height of 300 mm, were prepared to obtain the compressive strengths at different ages. All 219 
the cylinders were wrapped with a plastic sheet to prevent the loss of moisture before being 220 
tested at 1 day, 3 days, 7 days and 28 days, respectively, in accordance with MT/T 420-1995 221 
[33]. The average compressive strengths of these specimens are summarized in Table 3. In 222 
addition, three plain high-water material cylinders were prepared and tested during the period 223 
of testing the FRP tubular specimens, and the test results are presented later in this paper. 224 
  225 
3.2.3 LH material 226 
 227 
All LH materials used in the FRP tubular specimens were prepared using the high-water 228 
material described above and the same batch of aggregates. The aggregates, with a nominal 229 
maximum size of 20 mm, were subjected to sieve analysis in accordance with ASTM C136 / 230 
C136M-14 [34]. Figure 5 shows the results of the sieve analysis. In preparing the LHFFT 231 
specimens, aggregates were first filled into the FRP tube until they reached the top end of the 232 
tube. High-water material was then poured in until the FRP tube is full. The aggregates and 233 
the high-water material consumed for each LHFFT specimens were summarized in Table 1. 234 
 235 
A total of 12 plain cylinders of the LH material, each with a diameter of 150 mm and a height 236 
of 300 mm, were prepared using standard steel moulds. Again, all the cylinders were 237 
wrapped with a plastic sheet before being tested at different ages. The average compressive 238 
strengths of these cylinders are summarized in Table 3. In addition, three plain LH material 239 
cylinders were prepared and tested during the period of testing the FRP tubular specimens, 240 
and the test results are presented later in this paper. 241 
 242 
3.3 Preparation of specimens 243 
 244 
The preparation of LHFFT specimens consisted of the following steps: (1) prefabricating the 245 
FRP tubes via a wet-layup process (Figures 6a); (2) fixing the FRP tubes on a wooden frame 246 
with a waterproof bottom plate (Figure 6b); (3) filling the aggregates and then the high-water 247 
material into the FRP tubes (Figure 6c); (4) covering the specimens with plastic sheets until 248 
the test dates; For HFFT and LFFT specimens, a similar preparation process was adopted, 249 
except that Step (3) only involved the filling of high-water material or aggregates. 250 
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 251 
3.4 Test set-up and instrumentation 252 
 253 
For each specimen with an FRP tube, six strain gauges with a gauge length of 20 mm were 254 
installed, including four hoop strain gauges and two axial strain gauges, all at the mid-height 255 
of the specimen. The layout of strain gauges is shown in Figure 7. In addition, four linear 256 
variable displacement transducers (LVDTs) were installed for each FRP tubular specimens to 257 
measure the axial deformation. Two of the LVDTs were used to measure the overall axial 258 
shortening, while the other two were used to measure the deformation of the 100 mm mid-259 
height region. 260 
 261 
The two ends of all FRP tubular specimens were capped with high strength gypsum plaster 262 
before test. All compression tests were carried out using an Avery 500-ton compression 263 
testing machine with a displacement control rate of 0.6 mm/min following ASTM D7012 264 
[35]. All test data, including the strains, loads, and displacements, were recorded 265 
simultaneously by a data logger. 266 
 267 
4. EXPERIMENTAL RESULTS AND DISCUSSIONS 268 
 269 
4.1 General Behaviour  270 
 271 
All the FRP tubular specimens failed by rupture of FRP tube due to hoop tension. Typical 272 
specimens after test are shown in Figures 8-9. For all LHFFT specimens, the load kept 273 
increasing until explosive rupture of FRP occurred in the hoop direction, except for 274 
Specimens LHFFT-1-III and LHFFT-2-I; for these two specimens, localized hoop rupture of 275 
FRP occurred during the test, causing a sudden load drop, after which the specimens could 276 
continue to take an increasing load until the final explosive rupture of FRP (Figure 10). For 277 
all HFFT and LFFT specimens, there were some small load fluctuations during the test 278 
(Figures 11 and 12). Because of the large axial deformation experienced by the specimens, 279 
numerous cracks (white patches, see Figures 8-9) occurred in the resin matrix of the FRP tube 280 
before the final failure. These cracks might have caused the small load fluctuations in the 281 
HFFT and LFFT specimens, but did not affect their structural integrity; the load could still 282 
keep increasing or nearly constant for these specimens, despite the cracks, until the hoop FRP 283 
rupture.  284 
 285 
The rupture of FRP tube in LHFFT specimens generally occurred at or near the mid-height of 286 
the specimens (Figure 8a). After test, the FRP tube was removed to examine the infill 287 
material. It is interesting to note that severe local damage of the infill LH material occurred at 288 
approximately the same height of the FRP rupture. Such local damage, however, did not 289 
occur in the tested plain LH cylinders (Figure 8b), which generally failed by vertical cracks 290 
uniformly distributed over the specimens.   291 
 292 
The FRP rupture of HFFT specimens also generally occurred near the mid-height of the 293 
specimens, but there was no obvious local damage on the infill high-water material as found 294 
after removing the FRP tube (Figure 9a). Instead, several horizontal cracks occurred and the 295 
whole specimen deformed to a curved shape with a large axial shortening. It is also worth 296 
noting that some water was squeezed out from the high-water material during the test.    297 
 298 
For LFFT specimens, the cracks in the resin matrix of FRP occurred much earlier than in 299 
their LHFFT counterparts. This is easy to understand as the aggregate infill in the LFFT 300 
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specimens started to take a significant load only after a certain axial shortening of the 301 
specimens occurred, due to the voids between the aggregates. Therefore, at the beginning of 302 
the test, the FRP tube was the main component that was directly loaded. It was also noted that 303 
some of the aggregates were crushed after test (Figure 9b), suggesting that the strength of 304 
aggregates may be an important factor for the strength of LFFT specimens. 305 
 306 
4.2 Axial Load-Shortening Behaviour  307 
 308 
The axial load-shortening curves of all LHFFT specimens are shown in Figure 10 in which 309 
the curves of the corresponding plain LH cylinders are also plotted for comparison. It is 310 
evident that all curves of the LHFFT specimens feature an approximately bilinear shape, and 311 
are much higher than the curve of the corresponding plain cylinders.  312 
 313 
The key test results are summarized in Table 4. In this table, Pu is the ultimate load of 314 
LHFFT specimens from the test, Phw is the average ultimate load from the tests of plain LH 315 
cylinders,  316 
Pfrp is the average ultimate load from the tests of hollow FRP rings, and (Phw+Pfrp) 317 
represents the ultimate load of the LHFFT if the confinement effect of the FRP tube is 318 
ignored. The ultimate axial shortening, which is the axial shortening at the rupture of the FRP 319 
tube, is denoted by Su and is also given in Table 4. It is evident from the table that the load 320 
capacity of LHFFT specimens is much higher than (up to 3.6 times) the simple sum of those 321 
of the infill LH material and the FRP tube, suggesting that the effect of FRP confinement is 322 
significant. The ultimate axial shortening of LHFFT specimens is shown to be up to around 323 
8.6% of their height, and is much larger than (up to 17 times) that corresponding to the peak 324 
stress of unconfined LH cylinders (i.e. Slh in Table 4).   325 
 326 
Figures 10b-c show that when a two- or three-ply FRP tube was used, the three nominally 327 
identical specimens possess very similar axial load-shortening curves, with similar ultimate 328 
loads and axial shortenings (Table 4). By contrast, the scatter of the results of the three one-329 
ply specimens is significantly larger (see Figure 10a and Table 4), suggesting that thinner 330 
FRP tubes might be more prone to local defects or local damage of the infill material. This is 331 
particularly evidenced by the curve of Specimen LHFFT-1-III, which experienced localized 332 
hoop rupture of FRP at a relatively early stage. Other than that, the effect of thickness of FRP 333 
tube is in general similar to FRP-confined normal concrete: when all other parameters are the 334 
same, a thicker FRP tube generally leads to a larger slope of the second-branch of the load-335 
shortening curve as well as greater increases in strength and ductility.  336 
 337 
4.3 Axial Strain-Hoop Strain Behaviour  338 
 339 
The axial strain-hoop strain relationship has been well established to be the key parameter 340 
controlling the effectiveness of passive confinement (e.g. FRP confinement) on concrete [9]. 341 
In previous studies [36-38], the axial strains calculated by axial deformation of a mid-height 342 
region, typically of a height of 100-120 mm, were normally used. In the present study, two 343 
LVDTs were installed on the FRP tube of each specimen to measure the 100 mm mid-height 344 
deformation. However, the readings of the two LVDTs were found to be significantly 345 
affected by local damage of the resin matrix of FRP tube under large axial shortenings (e.g. 346 
up to 8.6% of the height), and thus do not always reflect the actual axial deformation of the 347 
infill LH material. Therefore, the nominal axial strains, which were taken as the average 348 
strains over the whole height of the specimen and were calculated using the overall axial 349 
shortenings, are used in the present study, unless otherwise specified.   350 
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 351 
Figure 13 shows the axial strain-hoop strain curves of all the LHFFT specimens, in which the 352 
hoop strains were averaged from readings of the three hoop strain gauges outside the 353 
overlapping zone at the mid-height. For some specimens, one strain gauge was damaged 354 
during the loading process due to the local resin damage as discussed above. For these 355 
specimens, the average readings of the surviving strain gauges were used. The number of 356 
strain gauges used for calculating the average is also given in Table 4. As expected, at the 357 
same axial strain, the specimens confined by a thicker FRP tube generally had a lower hoop 358 
strain. 359 
   360 
4.4 Comparison between LHFFTs and HFFTs 361 
 362 
The axial load-shorting curves of the HFFT specimens are compared with those of the 363 
corresponding LHFFT specimens (i.e. two-ply specimens) in Figure 11. It is evident from 364 
Figure 11 that the curves of the HFFT specimens are significantly lower than the LHFFT 365 
specimens, although the load capacity of the unconfined high-water material cylinders (i.e. 366 
28.6 kN) is slightly larger than that of the unconfined LH cylinders (i.e. 20.4 kN).  367 
 368 
Figure 11 also shows that the ultimate axial shortenings of the HFFT specimens are much 369 
larger than (approximately three times) those of the LHFFT specimens. As both types of 370 
specimens failed by hoop rupture of FRP, the above observation implies that at the same axial 371 
strain, the lateral expansion of the HFFT specimens was much smaller than that of the 372 
LHFFT specimens. This is further supported by a comparison of the axial strain-hoop strain 373 
curves of the two groups of specimens (Figure 14), and is believed to be at least partially due 374 
to the fact that some water was squeezed out of the HFFT specimens during the tests. The 375 
loss of water in these specimens led to a reduction in volume of the infill material, and 376 
consequently reduced lateral expansion and reduced confining pressure at the same axial 377 
strain.    378 
 379 
The test results presented above suggest that the use of coarse lumps/aggregates in the infill 380 
material is effective in enhancing the load capacity of the confined specimens, but at the same 381 
time it leads to reduction in the ultimate axial shortening. Taking this into consideration, the 382 
volume ratio of the coarse lumps may be taken as a design variable for different applications.  383 
 384 
4.5 Comparison between LHFFTs and LFFTs 385 
 386 
The axial load-shorting curves of the LFFT specimens are compared with those of the 387 
corresponding LHFFT specimens (i.e. two-ply specimens) in Figure 12. It is evident that the 388 
former are significantly lower than the latter. In addition, different from those of LHFFT and 389 
HFFT specimens, the curves of LFFT specimens show an approximately linear shape.  390 
 391 
The initial stiffness of the LFFT specimens is also shown to be significantly smaller than that 392 
of the LHFFT specimens (Figure 12), due to the fact that the aggregates in the former did not 393 
take significant loads at the initial loading stage, because of the inner voids between them. In 394 
addition, the random distribution of the coarse aggregate had led to significantly non-uniform 395 
lateral expansion of the FRP tube. Such non-uniform lateral expansion, together with the 396 
early local damage of the resin matrix, led to a relatively low average hoop strain at the final 397 
failure of FRP tube.      398 
 399 
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The comparison presented above suggest that the use of high-water material to fill the voids 400 
between random distributed coarse lumps/aggregates leads to enhanced stiffness and load 401 
capacity of the confined specimens. It, on the other hand, also verifies that LFFT specimens 402 
can have a significant load capacity and may be used as standing supports when binders are 403 
not readily available.  404 
 405 
5. COMPARISON WITH JIANG AND TENG’S (2007) MODEL 406 
 407 
5.1 General 408 
 409 
It is evident from Figure 10 that the curves of all LHFFT specimens feature a bilinear shape, 410 
which is similar to that of FRP-confined normal concrete. In this section, the test results are 411 
compared with the predictions of Jiang and Teng’s analysis-oriented model [39], which was 412 
proposed and has been widely accepted as an accurate model for FRP-confined normal 413 
concrete [39]. In making the predictions, all the curves are terminated at a point when the 414 
hoop strain reaches the maximum hoop rupture strain of three nominally identical specimens 415 
tested in each group. In addition, the equations used in Jiang and Teng’s model [39] for the 416 
elastic modulus and axial strain at the peak stress of unconfined concrete were adopted, as 417 
these properties were not measured in the present study.  418 
 419 
5.2 Axial Strain-Hoop Strain Curves 420 
 421 
The predicted axial strain-hoop strain curves are plotted in Figure 15 to compare with the 422 
experimental curves. It is evident that Jiang and Teng’s model [39] generally provides 423 
reasonably close predictions of the test results. The differences between the predicted and the 424 
experimental curves appear to be the largest for one-ply specimens, probably due to the rather 425 
non-uniform deformation of the specimens which was not captured by the limited number of 426 
discrete strain gauges.  427 
 428 
5.3 Axial Load-Axial Strain Curves 429 
 430 
In normal concrete columns confined by an FRP tube with only hoop fibres, the direct load 431 
contribution of the FRP tube is generally much smaller than that of the concrete and can thus 432 
be ignored. However, the load taken by FRP may not be ignored in LHFFT specimens due to 433 
the relatively low strength of the LH material. To examine this effect, two sets of predicted 434 
axial load-axial strain curves are plotted in Figure 16 to compare with the test results. In 435 
Figure 16, the curves labelled “Predicted curve – I” are obtained by the following way: (1) 436 
calculating the axial stress-axial strain curve of the confined LH material using Jiang and 437 
Teng’s model [39]; (2) calculating the axial load-axial strain curve of the confined LH 438 
material using the cross-section area of the specimen; (3) for a given axial strain, calculating 439 
the axial load taken by the LHFFT specimen by adding the load taken by the FRP tube. In 440 
doing (3), it is assumed that: (a) the load taken by the FRP tube at a given strain is the same 441 
as that obtained in the hollow tube test at the same strain, before the latter reaches the peak 442 
load; (b) after that, the load taken by the FRP tube is assumed to be equal to the peak load 443 
from the hollow tube test. The use of the simplified second assumption is due to the difficulty 444 
in accurately accounting for the damage process of FRP tube in LHFFT specimens. The 445 
curves labelled “Predicted curve – II” in Figure 16 are obtained by following the above (1) 446 
and (2), and assuming that the direct load contribution of the FRP tube can be ignored.   447 
 448 
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For two- and three-ply specimens, it is evident that the experimental curves generally lie 449 
between the two predicted curves: when the axial strain is relatively small (i.e. <0.01), the 450 
experimental curves appear to be close to “Predicted curve – I”, but they become increasingly 451 
closer to “Predicted curve – II” with the increase of axial strain. The above observation 452 
suggests that Jiang and Teng’s model [39] can generally provide reasonable predictions of the 453 
stress-strain behaviour of the confined LH material, and that the direct load contribution of 454 
FRP tube in LHFFT specimens can be significant at small axial strains but may become 455 
nearly zero at large deformation.  456 
 457 
For one-ply specimens, the scatter of test results was larger than that of their two- or three-ply 458 
counterparts. The curve of Specimen LHFFT-1-I still appears to be lie between the two 459 
predicted curves, but the curves of Specimens LHFFT-1-II and III are seen to be slightly 460 
lower than both predicted curves, which may be due to the localized failure in the weak FRP 461 
tube during the tests.  462 
 463 
Given the above discussion, it is suggested that the FRP tube for practical applications should 464 
not be too thin. For design use, the directly contribution of FRP tube may be conservatively 465 
ignored when calculating the ultimate load of the LHFFT columns, but should generally be 466 
considered when calculating the initial stiffness of the columns.  467 
 468 
6. CONCLUSIONS 469 
 470 
This paper has presented the conceptual development of a new FRP tubular column with 471 
large deformation capacity. The new column consists of an outer FRP tube, and an infill 472 
made of coarse (waste) lumps as well as CSA-based cementitious material with high water 473 
content. Besides its large deformation capacity, the new column allows the extensive, direct 474 
and easy use of waste materials and eliminates the need for mixing concrete on site or 475 
transporting commercial concrete. Direct comparisons between the new column and two 476 
widely used standing supports in underground mines has also been made, which shows that it 477 
is a promising alternative to the existing technology. 478 
 479 
This paper has also presented results from a series of compression tests to confirm the 480 
expected structural advantages of the new column, and to understand its structural 481 
mechanism and behaviour. The test results have also been compared with an analysis-482 
oriented model for FRP-confined normal concrete. The results and discussions presented in 483 
the paper allow the following conclusions to be drawn: 484 
 485 
(1) The new column (i.e. LHFFT) possesses excellent structural performance including a 486 
continuously ascending load-strain curve with a very large ultimate axial shortening. 487 
The confinement provided by the FRP tube leads to significant enhancement in the 488 
ultimate load and deformation capacity of the LH material, and such enhancement 489 
increases with the thickness of the FRP tube. 490 
(2) Compared with LFFTs, LHFFTs are superior in the load capacity and the initial 491 
stiffness. Compared with HFFTs, LHFFTs are superior in the load capacity but 492 
generally have a lower ultimate axial shortening if the same FRP tube is used. HFFTs 493 
may lose part of the water when subjected to large axial deformation. 494 
(3) Jiang and Teng’s model [39] can provide reasonably predictions of the behaviour of 495 
LHFFTs.  496 
 497 
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It should be noted that the tests presented in this paper are only used to provide the first 498 
insight and to demonstrate some advantages of LHFFTs, and the parameters used in the tests 499 
should not be taken as typical for various applications. In practice, the behaviour of LHFFTs 500 
can be optimized by properly selecting the key parameters, including the type and thickness 501 
of FRP tube, the type and volume ratio of coarse lumps/aggregates and the water-to-powder 502 
ratio of the high-water material. For example, the nominal axial strain of the tested specimens 503 
was up to around 8.6%, while large rupture strain FRP tubes may be used if a larger 504 
deformation capacity is required. Similarly, the optimization of section configuration, as 505 
exemplified by those shown in Figure 2, is another aspect which deserves future research.  506 
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